Background: Fascial layers of the neurovascular sheath containing the brachial plexus influence distribution of local anaesthetic, hence increasing the risk of block failure when performing infraclavicular brachial plexus block (ICB). Methods: Ultrasound-guided infraclavicular brachial plexus block was performed on cadavers using a single injection technique with dye (20e30 ml). After injection, we carried out consecutive dissection of the neurovascular bundle to study dye injectate spread and identify the presence of fascial layers. Ultrasound video images (scout scan and injection) and recordings of dissections were evaluated by independent experts (regional anaesthetists and anatomists). Results: Well defined fascial layers were identified at dissection in seven out of 12 infraclavicular spaces studied. These fascial layers impeded the spread of dye injectate substantially in six cases and partially in one case. No fascial layers were identified at dissection in five cases, in each of which the spread of injectate was complete throughout the neurovascular bundle. The sensitivity and specificity of ultrasonography and haptic sensation for detection of fascial layers were poor. Conclusions: When fascial layers are present in the neurovascular sheath, they impede the spread of injectate during infraclavicular brachial plexus block. Ultrasound detection of these fascial layers is unreliable in cadavers. These findings support the use of greater volumes of injectate or a multiple injection technique when performing this block.
Editor's key points
Infraclavicular brachial plexus block may be inadequate for surgical anaesthesia because of impaired injectate spread. Injectate spread around the brachial plexus was studied in cadavers using ultrasound, dye, and dissection. Fascial layers around the neurovascular sheath were common and reduced injectate spread. Neither ultrasound nor sensation is reliable in identifying the presence of fascial layers. Multiple injections or increased volume may be needed to maximise infraclavicular brachial plexus block efficacy.
Infraclavicular brachial plexus block (ICB) is commonly performed to facilitate upper limb surgery. Even when ultrasound guidance is used, reported failure rates range from 2.3% to 20%. 1, 2 One possible explanation for block failure is the presence of a fascial layer or layers close to the point of injection that influence the spread of injectate and thus limit block efficacy.
The axilla is a truncated pyramid, its apex is formed by the deltopectoral fossa and its base is the skin of the armpit. The infraclavicular brachial plexus passes through the axilla within a neurovascular bundle. It comprises proximal (passing beneath the clavicle close to the deltopectoral fascia) and distal (infero-medial to the coracoid process) parts. 3 Both proximal and distal approaches to ICB have been described. 4 The neurovascular sheath containing the brachial plexus is derived from the deep cervical fascia. It is denser proximally, and can be traced distally to the point where the vessels and nerves enter the medial intermuscular septum of the arm. 5 Septae have been described which extend inwards from the sheath of the neurovascular bundle, creating compartments, and separating the nerves from each other. Some of these 'compartments' are continuous (i.e. connect with one another) at a more proximal level (e.g. the sheath containing the median nerve communicates with that containing the medial and lateral cord). 5, 6 One previously published prospective clinical trial and a case report referred to the variable occurrence of fascial layers at the infraclavicular level of the neurovascular sheath. 7, 8 These layers influence distribution of injected local anaesthetic (LA), perhaps increasing the risk of block failure. It has been reported that fascial layers are present in approximately 15% of cases, most commonly posterolateral to the axillary artery. 8 The objectives of our study were: (i) to identify and characterise fascial layers or structures within the neurovascular bundle which are likely to influence spread of injectate after ICB; (ii) to characterise spread of injectate associated with performance of ICB using a dye injection technique in a cadaveric model; and (iii) to determine the effect, if any, of fascial layers on spread of injectate that may influence efficacy of ICB.
Methods
The study was carried out at the Department of Anatomy and Neuroscience, University College, Cork, Ireland between June 2016 and June 2017. With the approval of the Head of the Department of Anatomy and Neuroscience, eight cadavers were examined; seven fresh frozen and one prepared using Thiel fixation (soft embalming with salt compounds, volatile formaldehyde, and formalin). Only cadavers free from upper extremity, high thoracic, and neck pathology were studied. The dissections were performed by the principal investigator (D.B., anaesthetist with higher subspecialty training in regional anaesthesia) with the assistance of an anatomy prosector. Ultrasonography and dye injection was also undertaken by the principal investigator.
Each cadaver was positioned supine with the studied upper limb slightly abducted at the shoulder to facilitate dissection. The elbow was extended to enable dissection of the brachial artery into which a dilute gelatine solution (gelatine 10 g in 200 ml water; 150 ml, Sigma Aldrich Co, Gillingham, Dorset, UK) was injected after preparation and ligation, via a wide bore metal cannula (14G, 4 00 , curved, Luerlock, Network Medical Products Ltd., Ripon, North Yorkshire, UK). Some 20 min later, a preliminary scout scan of the infraclavicular space was performed (Fig. 1 ) using an Ultrasonix Sonixtablet ultrasound unit (Ultrasonix Medical Corporation, Richmond, BC, Canada) with a 14-5 MHz linear transducer (L14-5, Ultrasonix Medical Corporation). Ultrasound video recordings were attained while scanning from medial (mid clavicular level) to lateral (distal to the coracoid process). Photographs of the surface anatomy were taken.
Upon optimising the ultrasound image with vessels and cords clearly identified, we sought to identify the presence of fascial layers. The fascial layer was defined as a hyperechoic structure with a linear appearance and inward extension of the neurovascular sheath on the ultrasonogram (Supplementary Videos V1 and V2). If no fascial layer was observed (on ultrasound) or felt (flexible resistance), the needle tip was placed at the 6 o'clock position of the 2nd/3rd part of the axillary artery using an inplane, short-axis technique. Some 20 ml of dye was injected [17.75 ml water, 2 ml latex (Snazaroo, Braintree, UK), 0.25 ml black India ink (Winsor & Newton, London, UK)].
If a fascial layer was identified on ultrasound scout scan, or a flexible resistance ('bounce') was felt as the needle was advanced within the neurovascular bundle (towards the 6 o'clock position of the 2nd/3rd part of the axillary artery), the dye (20 ml) was injected immediately anterior to that layer/ resistance.
In two cases, to evaluate the effect of greater volume (such as can be used clinically) 20 ml was injected initially, followed by a subsequent 10 ml (same dye composition).
After injection of the dye, the needle was carefully secured and anatomic dissection performed. The skin, subcutaneous tissue, and pectoral musculature was dissected layer wise and each layer photographed (Canon Eos-450D/EF-S 18e55 mm; Canon, Tokyo, Japan). The neurovascular sheath was then dissected and the presence/absence of the fascial layers within the sheath or adjacent to it noted and images acquired. The final needle tip position, its relation to the axillary artery, the distribution of dye, and its marking of nerves, fascial layers, and other structures were noted and photographed.
Two anatomists evaluated the photo documentation of each dissection and were asked to: (i) identify the presence or absence of fascial layers; (ii) evaluate the completeness of dye spread; and (iii) comment on whether the limited spread of injectate was consistent with the presence of the fascial layer. The anatomical findings ('anatomists' opinion') was definitive regarding results.
Separately, two independent regional anaesthesia experts (RAEs; both unaware of the results of the dissections) evaluated scout scans and dye injection video recordings. They were asked to identify: (i) the presence or absence of fascial layers on ultrasound recordings; and (ii) quality of dye spread (i.e. would they expect surgical anaesthesia with this particular block). The anatomical findings (at dissection) were used as control for the RAEs' opinion.
The principal investigator's (D.B.) opinion on ultrasound video recordings was also taken into account in conjunction with the RAEs' opinions (with equal weight).
Results
Eight cadavers (16 dissections) were included in the study. One cadaver was Thiel fixed and seven were fresh frozen. Demographic data relating to cadavers are shown in Table 1 .
Two cadavers (four dissections) were excluded. In one cadaver, images were suboptimal because of early decomposition. In a second (Thiel fixed) cadaver, ultrasound imaging proved difficult because of poorly filled vasculature. Findings from the other 12 dissections studied are summarised in Table 2 .
Anatomical dissection findings
Of the regions that were fully studied, it was confirmed at dissection that the needle tip had been positioned at the 6 o'clock position of the 2nd/3rd part of the axillary artery in 11 cases. In one case, the needle tip was positioned posterior to the radial nerve at the level of the 3rd part of the axillary artery. The longitudinal spread (proximal to distal) of the injectate was pronounced in all 12 regions studied; dye markings extended to mid humeral level.
The neurovascular bundle was encompassed within fine, 'web-like' connective tissue which did not appear to impede free spread of dye. Some part of a fascial layer was identified at dissection close to the target injection point in seven of the 12 regions studied. In these seven cases, the presence of the fascial layer was deemed to have limited the distribution of dye injected, when assessed by anatomy experts (Fig. 2) . This was substantial in six cases and partial in one case (densely covered posterior and medial cord, patchily covered lateral cord; 30 ml dye was injected in this case).
Of these seven cases in which a clearly defined fascial layer was identified, its location in relation to the axillary artery was posterolateral in six cases and posterior in one case.
The posterolateral fascial layer was traceable from immediately inferior and deep to the clavicle as far as the humeral level. In terms of lateral dimensions, it extended inwards from the lateral border of the neurovascular bundle and in most cases was wrapping the posterior wall of the axillary artery. In some cases, it left the wall of the artery towards medial (joining the medial border of the neurovascular bundle), but this was less pronounced in most cases. In some dissections, the compartmentalisation seemed to be incomplete or 'backsplash' was visible through the aperture in the fascial layer caused by the block needle.
In the case of the posterior fascial layer, it terminated proximal to the anterior circumflex humeral artery, and completely impeded dye spread medially. Distal to the margin of this fascial layer, the dye spread medially also (Fig. 3.) .
No fascial layer was identified at dissection in the remaining five regions (Fig. 4.) . In three of these regions, the distribution of the dye was complete throughout the neurovascular sheath and all clinically relevant nerves were substantially marked by dye. In two cases, all cords were covered by dye, although the marking of the lateral cord was slightly patchy and was not as completely discoloured as were the medial and posterior cord.
Ultrasonographic results
Unfortunately, ultrasonographic evaluation of the presence/ absence of fascial layers in this cadaveric model yielded poor sensitivity and specificity values (Table 2) . Similarly, sensitivity and specificity were poor for ultrasonographic evaluation of the quality of dye spread (i.e. could the spread of dye seen be consistent with a good clinical block or good spread at dissection; Table 2 .)
Fascial layer detection based on haptic sensation
The perception of a haptic sensation during needle advancement in cadavers was not a reliable marker of the presence/ absence of fascial layers as identified at subsequent dissection. Of the seven regions in which fascial layers were identified at dissection, the characteristic haptic sensation ('bounce' or 'pop') was noted in only five. This haptic sensation was also noted in two regions in which no fascial layer was identified at dissection.
Discussion
The main findings of our study are that well defined fascial layers occur commonly (seven of 12 dissections) within the neurovascular bundle and can limit the spread of injectate when single injection ICB is simulated in a cadaver. These fascial layers are difficult to identify either on ultrasound or by seeking a particular haptic sensation during needle advancement in the cadaveric model.
Fascial layers in the region in which ICB is performed have been described extending inwards from the sheath of the neurovascular bundle, separating the nerves from each other. 7, 8, 12 Although fascial layers most commonly are posterolateral in the neurovascular bundle (visible on ultrasound image in about 15%), other locations have been described (e.g. anterolateral). 7, 8, 12 In one case, we identified a fascial layer immediately posterior to the axillary artery at the level at which ICB is commonly performed. The success rate of lateral sagittal ICB (distal approach) varies significantly depending on the technique and volume of LA administered. The success rate with multiple injections is high even with volumes as low as 16e20 ml.
13,14 A single 15, 17 According to our observations, the injection of a greater volume may overcome the restriction of spread caused by a fascial layer (because of incomplete compartmentalisation). When 30 ml of dye was injected, a nearly satisfactory spread was achieved despite the presence of a posterolateral fascial layer ( Supplementary  Fig. S1 ). The reason why the posterior cord is more densely covered compared with the medial and lateral cords, even if no fascial plane is present, might be a slight gravity effect on the spread. 18 The visibility of the cords on ultrasound is variable when performing distal ICB. 19 Ultrasound image quality is highly dependent on body habitus (BMI, pectoral musculature/biceps girth, and breast size). 19 The relation of the cords to each other and to the axillary artery changes significantly during their course through the axilla (Fig. 1) . 4, 5 Differences in clinical features observed between vertical ICB (proximal approach; better visualisation, faster onset, less tourniquet pain) and lateral sagittal ICB may be explained by these anatomical reasons. 4 Relational changes of the axillary artery and the cords are also observed while changing the position of the arm (i.e. adducted vs abducted). 20 The success of ultrasonographic visualisation of fascial layers is highly dependent on the technical specifications of the equipment. Morimoto and colleagues 8 found unilateral spread of LA while injecting at the lateral aspect of the neurovascular sheath in about 21% of their cases. Fascial layers were only detectable in 67% of those (14% of all patients; posterolateral location only). However, they used a 4e7 MHz curvilinear probe where spatial resolution may be limited. Also, visualisation of a posterior fascial layer is almost impossible with ultrasound, if the plane of the layer is nearly perpendicular to that of the overlying skin (as in our case). Our experts varied considerably on whether a fascial layer was identified on US scanning. Both visual and 'haptic' detection of fascial layers is inherently subjective and operator dependent. Our findings are consistent with this. Nevertheless, we recognise the limitations to calculating predictive value based on such a small dataset (small number of regions studied and a small number of participating clinicians, all from one centre). We also note that the magnitude of this limitation would be greater if we were concluding a positive finding (i.e. strong predictive values) from such a small dataset.
Our study has several limitations. First, this is a cadaver studydthe alteration of anatomical relation (vascular decompression) and lack of flow can affect results. Filling the arterial tree with gelatine may have mitigated these negative effects. Second, the small number of regions studied limits the generalisability of our data. Our results are specific to lateral sagittal ICB with needle tip positioned at 6 o'clock position in relation to the 2nd/3rd part of the axillary artery. Finally, a small number of clinicians, all from one centre, evaluated the ultrasound images; their input cannot allow us to conclude external validity for these findings and could represent an institutional bias (in how US images are interpreted).
To the best of our knowledge, this is the first report which includes ultrasonographic evaluation, dye injection, and consecutive dissection of the infraclavicular space, investigating presence or absence of clinically relevant fascial layers within the neurovascular bundle.
In conclusion, with respect to the region in which infraclavicular brachial plexus block is performed: (i) fascial layers adjacent to the neurovascular bundle are commonly, though not invariably, present; (ii) when they are present, the location varies; the posterolateral aspect of the axillary artery appears to be the most common site; (iii) clinical means of detecting fascial layers (visual and tactile) are unreliable; and (iv) when a fascial layer is present, achievement of optimal spread of injectate appears greatest if the multiple injection technique is applied (on both sides of the fascial layer), or a large volume (30 ml) administered. Individual targeting of the cords can significantly alleviate the effect of the fascial layers, but this warrants further clinical trials.
